**Research Highlights**

\(1\) Flavonoids from *Scutellaria baicalensis* Georgi, at a concentration range of 35--140 mg/kg, attenuated neuron injury in rats with cerebral ischemia/reperfusion.

\(2\) Flavonoids from *Scutellaria baicalensis* Georgi enhanced the activities of lactate dehydrogenase, Na^+^-K^+^-ATPase, Ca^2+^-ATPase and superoxide dismutase, and decreased levels of malonaldehyde.

\(3\) Flavonoids from *Scutellaria baicalensis* Georgi improved learning and memory behaviors in rats with cerebral ischemia/reperfusion.

INTRODUCTION {#sec1-1}
============

In general, treatment of cerebral ischemia requires the timely recovery of blood flow to the ischemic areas. Although reperfusion can save neurons injured in the infract area, it can also increase neuronal injury and advance neuron death\[[@ref1]\]. This injury is commonly termed acute cerebral ischemia/reperfusion damage. Cerebral ischemia/reperfusion injury involves complicated pathophysiological processes and a cascade of reactions, such as ATP depletion, excitatory amino acid toxicity, excessive free radical production, neuronal apoptosis, intracellular calcium overload and inflammatory responses\[[@ref2]\]. The accumulation of these detrimental neuronal changes in the brain contributes to neuronal damage and dysfunction, and advances learning and memory deficits\[[@ref3]\]. Therefore, strategies that can attenuate the detrimental effects of middle cerebral artery occlusion may act as promising treatments for ischemic brain injury in a clinical setting.

Flavonoids from *Scutellaria baicalensis* Georgi have been affirmed as a promising agent in an *in vivo* palliative memory deficit model\[[@ref4]\]. In our previous studies, flavonoids isolated from the stems and leaves of *Scutellaria baicalensis* Georgi were neuroprotective in a naturally senile, D-galactose, aging *in vivo* model and in *in vitro* oxidative/hypoxic models\[[@ref5][@ref6][@ref7]\]. From these observations, we hypothesized that flavonoids from *Scutellaria baicalensis* Georgi may be effective against acute cerebral damage and represent a new treatment strategy. Middle cerebral artery occlusion-induced ischemia/reperfusion in rats is commonly used to study ischemic brain injury and the pharmacological effects of drugs. The model cannot completely replicate the status of patients with ischemic brain injury in a clinical setting, but it partially reproduces neuron and metabolite disorders, including learning/memory impairments\[[@ref8]\]. Here, we aimed to investigate the beneficial effects of flavonoids from *Scutellaria baicalensis* Georgi on memory, neuron dysfunction and metabolite disruption following cerebral ischemia/reperfusion in rats.

RESULTS {#sec1-2}
=======

Quantitative analysis of experimental animals {#sec2-1}
---------------------------------------------

Of the 40 Sprague-Dawley rats, 32 were randomly selected to establish the cerebral ischemia/reperfusion model. The remaining eight rats, with exposed but not clamped blood vessels, were used as the sham-surgery group. The 32 model rats were randomly and equally assigned to model, and 35, 70 and 140 mg/kg flavonoids from *Scutellaria baicalensis* Georgi groups and intragastrically perfused with normal saline, 35, 70 and 140 mg/kg flavonoids from *Scutellaria baicalensis* Georgi, respectively. The sham group rats were given normal saline. All 40 rats were included in the final analysis.

Flavonoids from *Scutellaria baicalensis* Georgi improved memory impairment in cerebral ischemia/reperfusion rats {#sec2-2}
-----------------------------------------------------------------------------------------------------------------

To assess learning ability acquisition, the Morris water maze\[[@ref9]\] was used to train rats for 5 consecutive days. During the 5-day learning acquisition trial, all rats took a progressively declined time to locate the hidden platform (latency). [Figure 1A](#F1){ref-type="fig"} shows that the model group rats took longer to find the hidden platform than sham-surgery group rats \[Group × Time *F*~(4,\ 28)~ = 3.36, *n* = 8, *P* \< 0.05\]. However, when the model group rats were treated with flavonoids from *Scutellaria baicalensis* Georgi for 12 days, the prolonged latency was dramatically shortened. [Figure 1A](#F1){ref-type="fig"} also shows a comparison of the effects of the three doses of flavonoids from *Scutellaria baicalensis* Georgi on latency \[*F*~(4,\ 28)~ = 12.8, *P* \< 0.01\] for 35 mg/kg, \[*F*~(4,\ 28)~ = 4.85, *P* \< 0.01\] for 70 mg/kg and \[*F*~(4,\ 28)~ = 3.62, *P* \< 0.05\] for 140 mg/kg with model rats. The time for swimming in the target quadrant (third quadrant), where the platform was located during the 5-day training trial, was used to estimate the memory retention in the probe trial. As compared with the sham-surgery group rats, the swimming time of model group rats decreased by 47.36% in the target quadrant, and the declined swimming time was attenuated by 21.93%, 41.35% and 81.86% with treatment of 35, 70 and 140 mg/kg flavonoids from *Scutellaria baicalensis* Georgi, respectively ([Figure 1B](#F1){ref-type="fig"}).

![Effect of flavonoids from *Scutellaria baicalensis* Georgi (SSF) on Morris water maze performance following cerebral ischemia/reperfusion in rats.\
Rats were daily and orally administered SSF (35, 70 and 140 mg/kg) for 12 days, from days 2 to 13 after operation. Each rat was subjected to two trials daily for 5 consecutive days from day 8 after operation. Data are expressed as the mean ± SEM. ^a^*P* \< 0.01, *vs*. sham-surgery group; ^b^*P* \< 0.01, *vs*. model group.\
(A) Mean latency to find the hidden platform in the learning ability acquisition trial. Data were analyzed by two-way analysis of variance (group × days, 5 × 5) with repeated measures (*n* = 8).\
(B) Time spent in target quadrant within 60 seconds in the probe trial (no platform). Each rat was immediately subjected to 60-second observations following the last learning ability acquisition trial on day 13 after operation. Groups differences were analyzed by one-way analysis of variance followed by the Duncan\'s multiple-range test (*n* = 8).](NRR-8-514-g001){#F1}

Flavonoids from *Scutellaria baicalensis* Georgi attenuated neuronal injury in the cerebral cortex of cerebral ischemia/reperfusion rats {#sec2-3}
----------------------------------------------------------------------------------------------------------------------------------------

No conspicuous histological changes were observed with the naked eye in all rats. Neuron morphology was viewed by light/electron microscopy. Neurons in the sham-surgery group presented as normal status, with normal appearing nuclei and cytoplasm, and no signs of injury. However, there were typical neuropathological changes in cerebral ischemia model rats, including notable neuron loss, nuclei pyknosis, neurofibrillary degeneration, neurogliocyte proliferation and neuronophagia.

In addition, neurons in the model group showed severe injury, with thickening and irregularities in the nuclear membrane, heterochromatin block formation, rough endoplasmic reticulum dilation, and broken or vacuolar mitochondrial ridges containing dense granules. Interestingly, when model group rats received any of the three doses of flavonoids from *Scutellaria baicalensis* Georgi for 13 days, neuronal injury was ameliorated (Figures [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

![Representative photomicrographs of neurons in the cerebral cortex of cerebral ischemia/reperfusion rats treated with flavonoids from *Scutellaria baicalensis* Georgi (SSF) (hematoxylin-eosin staining). Scale bar: 20 μm.\
All rats were sacrificed 60 minutes after final drug administration.\
(A) Sham-surgery group; (B) model group: neuron loss, nuclear shrinkage (▴arrow), neurofibrillary degeneration (→ arrow), neurogliocyte proliferation and neuronophagia (\*arrow); (C--E) group treated with SSF at doses of 35, 70 and 140 mg/kg, respectively. The three doses of SSF protected neurons in a dose-dependent manner.](NRR-8-514-g002){#F2}

![Electron micrographs of cerebral cortex neurons in cerebral ischemia/reperfusion rats treated with flavonoids from *Scutellaria baicalensis* Georgi (SSF).\
SSF were administered daily and orally for 13 days. All rats were sacrificed 60 minutes after final drug administration.\
(A) Sham-surgery group; (B) model group: the neurons showed severe injury, including nuclear membrane thickening and irregularities (\* arrow), heterochromatin block formation and side-movement (\# arrow); rough endoplasmic reticulum dilation; broken mitochondrial ridges and vacuoles (▴arrow); (C) 140 mg/kg group treated with SSF; SSF showed protective effects on injured neurons.](NRR-8-514-g003){#F3}

Flavonoids from *Scutellaria baicalensis* Georgi enhances lactate dehydrogenase, Na^+^-K^+^-ATPase and Ca^2+^-ATPase activities in the hippocampus and cerebral cortex of cerebral ischemia/reperfusion rats {#sec2-4}
------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Compared with sham-surgery group rats, enzyme activities in the hippocampus and cerebral cortex of model group rats decreased by 11.82% and 25.18%, respectively, for lactate dehydrogenase; 27.63% and 30.52%, respectively, for Na^+^-K^+^-ATPase; and 26.37% and 37.91%, respectively, for Ca^2+^-ATPase (*P* \< 0.01). However, these disturbances were markedly reversed following administration of 35, 70 and 140 mg/kg flavonoids from *Scutellaria baicalensis* Georgi for 13 days ([Table 1](#T1){ref-type="table"}).

###### 

Effects of SSF on the activities of LDH (U/L), Na^+^-K^+^-ATPase (μmolPi/g/h) and Ca^2+^-ATPase (μmolPi/g/h) in cerebral ischemia/reperfusion rats

![](NRR-8-514-g004)

Flavonoids from *Scutellaria baicalensis* Georgi inhibited malonaldehyde expression and enhanced superoxide dismutase activity in the hippocampus and cerebral cortex of rats {#sec2-5}
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Malonaldehyde levels and superoxide dismutase activity in the hippocampus and cerebral cortex of the ischemia/reperfusion group also exhibited marked disruption. Malonaldehyde levels in the hippocampus and cerebral cortex were 2.96 (*P* \< 0.05) and 6.76 (*P* \< 0.05) fold higher, respectively, than in sham-surgery group rats, and superoxide dismutase activity decreased by 51.64% (*P* \< 0.01) in the hippocampus and 54.29% (*P* \< 0.01) in the cerebral cortex, when compared with sham-surgery group rats. However, malonaldehyde levels and superoxide dismutase activity in the two brain regions of the model group were ameliorated to different extents with 35, 70 and 140 mg/kg flavonoids from *Scutellaria baicalensis* Georgi treatment for 13 days ([Table 2](#T2){ref-type="table"}).

###### 

Effects of SSF on MDA content (nmol/mg) and SOD activity (μg/min/g) in cerebral ischemia/reperfusion rats

![](NRR-8-514-g005)

DISCUSSION {#sec1-3}
==========

Cerebral ischemia is a neurological disorder that results in neuronal injury and metabolic disturbances that are accompanied by cognitive deficits\[[@ref10]\]. Many studies have shown that energy depletion, oxidative stress, inflammation, intracellular calcium overload and other neuronal responses are considered responsible elements for cognitive deficits following cerebral ischemia\[[@ref11]\]. In the laboratory, the middle cerebral artery occlusion model is used to replicate the cognitive deficits and cerebral pathophysiological changes observed following ischemic injury. Several papers have reported that repetitive cerebral ischemia/reperfusion in rats may produce more severe damage than a single insult, which closely resembles the pathophysiological status of ischemic cerebral disease in the clinical setting\[[@ref12][@ref13]\].

In the present study, we found that middle cerebral artery occlusion rats showed a profound impairment in learning and memory performance. The results were in agreement with previous reports that showed cerebral ischemic rats took longer to climb onto the hidden platform and swam for a shorter time in the target quadrant when compared to sham-surgery group rats\[[@ref14]\]. We also observed cerebral tissue damage in middle cerebral artery occlusion rats, particularly neuron loss or swelling, neuronophagia, mitochondria and rough endoplasmic reticulum injury, and heterochromatin blocks. The results confirmed that brain state contributes to cerebral function including learning, memory and cognition. However, middle cerebral artery occlusion rats treated with flavonoids from *Scutellaria baicalensis* Georgi 35, 70 and 140 mg/kg for 12 days dramatically improved water maze performance when compared with middle cerebral artery occlusion rats.

In addition, oral administration of flavonoids from *Scutellaria baicalensis* Georgi also attenuated cerebral injury and these paralleled with the improvement on cognitive deficits in middle cerebral artery occlusion rats. Thus, our data indicates the possible beneficial value of flavonoids from *Scutellaria baicalensis* Georgi on cognitive deficits following middle cerebral artery occlusion, which is most likely due to its neuroprotective properties. These data also suggest that neuron injury delayed by flavonoids from *Scutellaria baicalensis* Georgi may inhibit memory impairment induced by cerebral ischemia.

There is mounting evidence that decreased cerebral blood flow is one of the critical insults during cerebral ischemia. Energy supplied to the brain is rapidly exhausted within 10 minutes because of low ATP and glycogen levels reserved for the brain. Under normal conditions, the brain is dependent on a constant energy supply from ATP through oxidative phosphorylation. The energy released from ATP by Na^+^-K^+^-ATPase supports brain function. However, when the brain undergoes ischemic injury, the brain uses ATP generated from anaerobic metabolism. Brain pH markedly decreases following excessive lactate production during anaerobic metabolism and an inability to clear H^+^. When brain pH decreases, the Na+/H+ channel and H^+^ clearance are inhibited, resulting in a further increase in H^+^. In addition, the high levels of H^+^ can also combine with the imidazole group of lactate dehydrogenase, resulting in lactate dehydrogenase activity suppression, which results in reduced affinity of lactate dehydrogenase for lactic acid and lactic acid accumulation, further aggravating acidosis. This disruption to H^+^ clearance damages the mitochondrial respiratory chain and leads to a series of metabolic changes, including ATP synthesis impairment, ATPase activity inhibition, intracellular Na^+^ enhancement, and an increase in calcium influx. These alterations finally lead to neuronal swelling and necrosis\[[@ref15][@ref16]\].

Na^+^-K^+^-ATPase and Ca^2+^-ATPase are located on the cell membrane and can hydrolyze ATP to build a reversed gradient to transfer ions. This process is the physical basis of nerve conduction. Therefore, Na^+^-K^+^-ATPase activity is considered a good indicator of cell status. When the brain undergoes cerebral ischemia, ATP is rapidly exhausted and Na^+^ pump activity, which is dependent on energy, decreases. Therefore, Na^+^ cannot be transferred and is retained intracellularly. This intracellular accumulation of Na^+^ allows water to enter the cell and subsequent cerebral edema. In addition, the reduced Na^+^-K^+^-ATPase activity induces K^+^ enhancement of the synaptosome and the depolarization of the presynaptic membrane, which further affects synaptic excitability conduction and neurotransmitter release. Simultaneously, Na^+^-K^+^-ATPase can also regulate intracellular Ca^2+^ concentrations, which regulate neurotransmitter release and excitability transmission. Intracellular Ca^2+^ regulation is dependent on various Ca^2+^ channels, the Na^+^/Ca^2+^ exchanger and Ca^2+^-ATPase. In particular, Ca^2+^-ATPase activity is considered an important factor for Ca^2+^ uptake, storage and release. When the brain is exposed to an insult, the function of Ca^2+^-ATPase appears to be impaired and results in intracellular Ca^2+^ overload. In addition, the high intracellular Ca^2+^ can trigger Ca^2+^-regulated pathways to induce free radical production, lipid peroxidation, mitochondrial injury and ion channel function impairment\[[@ref17]\]. In our study, we found that lactate dehydrogenase, Na^+^-K^+^-ATPase and Ca^2+^-ATPase activities significantly decreased in the brain following middle cerebral artery occlusion in rats. However, these decreases were reversed following administration of 35, 70 and 140 mg/kg flavonoids from *Scutellaria baicalensis* Georgi for 13 days. In addition, flavonoids from *Scutellaria baicalensis* Georgi treatment reduced neuronal damage and cognitive deficits following middle cerebral artery occlusion. Thus, our results indicate that flavonoids from *Scutellaria baicalensis* Georgi may be beneficial for the treatment of cognitive deficits caused by cerebral ischemia/reperfusion.

There is a consensus of opinion that free radical system disorders are involved in ischemia/reperfusion-induced cerebral injury. Excessive free radicals can result in lipid peroxidation, and in some cases, cell membrane structure damage, protein degradation, nucleic acid trunk chain rupture, and cell dysfunction\[[@ref18]\]. Abnormal changes to malonaldehyde levels and superoxide dismutase activity in the brain have been reported as the main cause of free radical disorders, and have thus been used as indicators of brain injury\[[@ref18]\]. Furthermore, mitochondrial injury and enzyme deactivation, including lactate dehydrogenase, Na^+^-K^+^-ATPase and Ca^2+^-ATPase, are also causes of free radical disorder. In our study, we found that levels of malonaldehyde markedly increased and that activity of superoxide dismutase significantly decreased in the hippocampus and cerebral cortex of middle cerebral artery occlusion rats, which coincided with previous reports that free radical system disorders contribute to cerebral damage in rats subjected to cerebral ischemia/reperfusion injury\[[@ref19][@ref20]\]. However, these disturbances in malonaldehyde content and superoxide dismutase activity were attenuated following treatment with 35, 70 and 140 mg/kg flavonoids from *Scutellaria baicalensis* Georgi for 13 days. These results were in parallel with the neuroprotective effects of flavonoids from *Scutellaria baicalensis* Georgi and the improvement to learning and memory in middle cerebral artery occlusion rats.

The present study confirmed the beneficial effects of flavonoids from *Scutellaria baicalensis* Georgi on the cognitive deficits, neuronal pathological changes, free radical production, and energy and Ca^2+^ metabolism disorders following middle cerebral artery occlusion. These properties of flavonoids from *Scutellaria baicalensis* Georgi are primarily derived from its polyphenol structure. In addition, our experimental evidence also suggests that the flavonoids not only act as antioxidants, but also modulate enzyme metabolism and signaling pathways involved in reactive oxygen species formation\[[@ref21]\]. Therefore, flavonoids from *Scutellaria baicalensis* Georgi, a group of flavonoid compounds, are able to block free radical-induced cytotoxicity, which may be helpful in the treatment of ischemic cerebrovascular diseases.

MATERIALS AND METHODS {#sec1-4}
=====================

Design {#sec2-6}
------

A randomized, controlled, animal study.

Time and setting {#sec2-7}
----------------

The experiment was performed at the Department of Pharmacology of Basic Medical School, Wuhan University and Institute of Traditional Chinese Medicine, Chengde Medical College, China from June to December 2011.

Materials {#sec2-8}
---------

### Animals {#sec3-1}

Forty adult, male Sprague-Dawley rats, aged 3--3.5 months, weighing 350--400 g, were purchased from the Laboratory Animal Center, Hebei Medical University (Clean grade, Certification No. 04057), China. The rats were housed in groups (four or five per cage) in a room controlled at 23 ± 1°C and maintained in an alternating 12-hour light/dark cycle. Food and water were freely available. All animal procedures were performed in accordance with the *Regulations of Experimental Animal Administration*, issued by the State Committee of Science and Technology of China\[[@ref22]\].

### Drugs {#sec3-2}

Flavonoids, isolated from the stems and leaves of *Scutellaria baicalensis* Georgi (Huangqin), were prepared by the Phytochemistry Laboratory, Institute of Traditional Chinese Medicine, Chengde Medical College, and the Huangqin herb was planted by our laboratory. With regard to preparation, the dried aerial part of *Scutellaria baicalensis* (1 kg) was boiled with 80% (v/v) alcohol for 1 hour and then filtered. The filtrate was concentrated to the appropriate volume at 60°C under vacuum distillation. The concentrated solution was adjusted to pH 2 with 1 M HCl and the suspension was filtered after still standing for 24 hours at room temperature\[[@ref23]\]. The residue was identified as flavonoids from *Scutellaria baicalensis* Georgi, in which the purity of flavonoids from *Scutellaria baicalensis* Georgi was not less than 80% and scutellarein was determined to be the major ingredient by high performance liquid chromatography analysis. flavonoids from *Scutellaria baicalensis* Georgi were dissolved in distilled water prior to administration, and the pH of the solution was adjusted to 7.2--7.4 with saturated sodium bicarbonate.

Methods {#sec2-9}
-------

### Establishment of middle cerebral artery occlusion models {#sec3-3}

The rats were anesthetized with 240 mg/kg chloral hydrate by intraperitoneal injection. The right middle cerebral artery was occluded according to an animal model of focal cerebral ischemia as previously described\[[@ref24]\]. The rats were placed in a supine position and the skin was incised along the midline of the neck. The right common carotid artery, external carotid artery and internal carotid artery were exposed and separated. The common carotid artery and internal carotid artery were occluded using a bulldog clamp. The proximal and distal tips of the external carotid artery were ligated with 0\# thread, and were cut at the bevel portal at the middle of the two ligated sites of the external carotid artery. The distal end of the external carotid artery was lifted so that it was in line with the internal carotid artery. A nylon thread (50 mm length and 0.26 mm diameter) was inserted approximately 20 mm from the bevel portal of the external carotid artery distal tip and through the internal carotid artery to the bifurcation of the common carotid artery. At this position, the tip of the nylon thread was inside the middle cerebral artery branches of the Willis circle of the brain, where blood flow was blocked by the nylon thread. The middle cerebral artery occlusion in rats lasted 20 minutes and then the nylon thread was retracted 10 mm to allow for blood reperfusion for 10 minutes. The same procedure was repeated three times. After the final ischemia and reperfusion, the external carotid artery stump was ligated and the surgical incision was sutured. The rats that received the same surgery without ischemia/reperfusion served as the sham-surgery group. The surgical rats were placed on a heating pad until they recovered from anesthesia.

### Intragastric administration of flavonoids from *Scutellaria baicalensis* Georgi {#sec3-4}

Rats from the three treatment groups received flavonoids from *Scutellaria baicalensis* Georgi at doses of 35, 70 and 140 mg/kg daily by intragastric administration. The model and sham-surgery groups were subjected to the same volume of distilled water for 13 days from 24 hours after the surgery (2 mL per 100 g body weight). The dosage was based on a previous report\[[@ref5]\].

### Morris water maze test {#sec3-5}

Learning ability and memory retention was assessed using the Morris water maze\[[@ref9]\]. Assessment of learning began on day 8 and the probe trial was carried out on day 12 after drug administration. During the learning performance test and the probe trial, the drug or its vehicle (distilled water) was administered 60 minutes before the trial. The water maze was a stainless steel circular tank of diameter 120 cm and depth 50 cm and was supplied by the Institute of Materia Medica, Chinese Academy of Medical Science & Peking Union Medical College. A circular platform, diameter 10 cm and 30 cm high, was placed in a quadrant of the tank. When the water maze test was carried out, the tank was added with water to a depth of 31.5 cm and the platform was set 1.5 cm under the water surface. The tank water was maintained at 23 ± 1°C and made white/opaque with non-fat milk powder. All spatial marks around the maze were kept invariable during the water maze test. The tank was subdivided into four equal quadrants by imaginary lines. The hidden platform was placed in the third quadrant. Learning ability was assessed over 5 consecutive days with two trials each day. The time taken to find the hidden platform (latency) was recorded and an average of the two trials was used to determine learning ability. On the first training day, each rat was left to swim for 120 seconds in the water maze to become familiar with the water conditions. On the second day, the rats were left to search for the hidden platform for 60 seconds. In cases where rats did not find the platform, the rats were placed on the hidden platform within 60 seconds. Regardless of whether rats discovered the hidden platform or not, the rats were maintained on the platform for 20 seconds and then removed from the tank. Rats were allowed to recuperate for 10 seconds between the two trials. The probe trial was performed immediately after the last learning ability test. The rats were allowed to swim for 60 seconds, in which the platform was taken away from the water. The time spent in the target quadrant (third quadrant), where the platform had been available during the learning ability test, was recorded as memory retention. Swimming activity was monitored using a video camera linked to computer-based graphics analytic software (Institute of Materia Medica, Chinese Academy of Medical Science & Peking Union Medical College).

### Sample preparation of the hippocampus and cerebral cortex {#sec3-6}

Under ether anesthesia, all rats were sacrificed 60 minutes after the final administration of flavonoids from *Scutellaria baicalensis* Georgi or distilled water on day 14 of the operation. The hippocampus and cerebral cortex were separated according to a previously described method\[[@ref25]\], and were placed on the ice for determining the neural morphology and biochemistry.

### Measurement of neuronal morphology in the hippocampus and cerebral cortex {#sec3-7}

The brain was rapidly placed on ice, and the hippocampus and cerebral cortex were gently dissected. The separated cerebral cortex of the right hemisphere in four rats from each group was fixed with 4% (v/v) formalin and embedded in paraffin. Coronal sections were cut at 6 μm and stained with hematoxylin and eosin as previously described\[[@ref8]\]. Stained cells were observed and pictures at 400 × magnification were captured with an Olympus VANOX microscope (Olympus, Tokyo, Japan). In addition, another cerebral cortex was fixed with 2.5% (v/v) glutaraldehyde and 1% (v/v) osmic acid, and then cut at 50 nm using an ultra-microtome. The slices were put on a copper grid with 200-mesh, and stained with uranyl acetate and lead nitrate--sodium citrate according to a previously described method\[[@ref25]\]. The neuron ultra-status was viewed using a JELO100 CX-II-transmission electron microscope (JEOL, Japan) and images were captured at a magnification of 6 700--20 000 ×.

### Detection of lactate dehydrogenase, Na^+^-K^+^-ATPase and Ca^2+^-ATPase activity in the hippocampus and cerebral cortex {#sec3-8}

The hippocampus and cerebral cortex were homogenized with cold saline to obtain 2% homogenates for measuring lactate dehydrogenase, Na^+^-K^+^-ATPase and Ca^2+^-ATPase activity. Lactate dehydrogenase activity was determined according to the manufacturers' protocol (Beikong Bio-technology & Science Inc, Beijing, China) and using an ultraviolet spectrophotometer\[[@ref26]\] (Shanghai Analytic Factory, Shanghai, China). ATPase activity was determined according to the manufactures protocol (Nanjing Jiancheng Institute of Biological Engineering, Nanjing, China). ATPase activity was determined by measuring the formation of phosphoric acid from ATP\[[@ref27]\]. The phosphoric acid combines with ammonium molybdate to produce phosphato-molybdic acid salt. The latter was reduced into molybdenum blue, and the maximum absorptive wavelength of molybdenum blue was measured at 660 nm. ATPase activity was defined as the change in absorbance of molybdenum blue.

### Detection of malonaldehyde production and superoxide dismutase activity in the hippocampus and cerebral cortex {#sec3-9}

The hippocampus and cerebral cortex were separated and homogenized with cold saline to obtain 10 % (w/v) and 1% (w/v) homogenates for assaying malonaldehyde production and superoxide dismutase activity, respectively. The principle of determining malonaldehyde was based on the methods of thiobarbituric acid\[[@ref28]\]. The malonaldehyde production was determined by a change in absorbance. The measurement of superoxide dismutase activity was based on the xanthine-xanthine oxidase method\[[@ref29]\]. Superoxide dismutase activity was determined by measuring the absorbance at 550 nm. Both assays were performed in an ice-cold environment according to the manufacturer\'s instructions (Nanjing Jiancheng Institute of Biological Engineering).

### Statistical analysis {#sec3-10}

The Statpark software package (Oracle Corporation, Redwood Shores, CA, USA) was used to analyze the experimental results. Data are expressed as mean ± SEM and the latency from the Morris water maze training trial was evaluated by two-way analysis of variance with repeated measures for between group comparisons. One-way analysis of variance followed by the Duncan\'s multiple-range test was used to analyze group differences for the probe trial and biochemistry data. The level of significance was set at *P* \< 0.05..
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